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ABSTRACT

TOWARDS THE DETERMINATION OF ESTRONE AND 17β-ESTRADIOL IN DAIRY
CATTLE WASTE USING SOLID PHASE AND STIR BAR SORPTIVE EXTRACTIONS
WITH LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY AND GAS
CHROMATOGRAPHY-MASS SPECTROMETRY

Steroidal hormones are naturally produced as a part of many physiological processes
and are excreted in the urine and feces of animals and humans. Farm animals in concentrated
animal feeding operations (CAFOs) are routinely implanted with synthetic and natural hormones
to enhance growth and production, contributing significantly to environmental steroid hormone
contamination. Every year around 49 tons of estrogens are generated by livestock waste in the
United States alone. Due to rainfall and runoff, these steroid hormones reach the environment
when animal waste is applied as manure. Studies show that estrogens and other steroidal hormones
present in the surface waters disrupt the hormonal balance of many aquatic animals, hence
classified as endocrine disrupting compounds (EDC). Manure borne natural estrogens estrone and
17β-estradiol are of major concern because they cause endocrine disruption in low concentrations.
Male fish subjected to estrone (E1) and 17β-estradiol (E2) in very low concentrations (nanograms
per liter) showed a high incidence of intersexuality and feminization. In humans, these substances
cause infertility and cancer. Hence, there is a need to assess the potential risk of estrogen loading
from animal waste. Complex matrices and low estrogen concentrations in the environment make
the analysis challenging for analytical chemists. Our research is focused on developing a method
to extract estrogens from pre and post anaerobically digested cattle waste and subsequent
determination by liquid chromatography (LC) and gas chromatography (GC) with mass
spectrometry detection. Since dairy cattle waste is one of the major sources of estrogen
contamination, it is important to determine the concentration of hormones in fresh and stored
iii

samples before applying it to the farms as manure. The outcome of this study will aid in
understanding the impact of anaerobic digestion on the concentrations of free estrogens and in
regulating waste management practices.
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1. Introduction
1.1 Background:
Steroidal hormones like androgens, estrogens and progestogens play a crucial role in various
physiological processes like growth, development, behavior, and reproduction of animals and
humans. Androgens are male reproductive hormones while estrogens and progestogens are
primarily female though produced in small amounts in male. In females, estrogens regulate bone
strengthening, sexual differentiation, menstrual cycle, development of secondary sexual
characteristics, sexual maturation and reproduction and are naturally and endogenously produced
by animals and humans, especially in high amounts during pregnancy. The total annual excretion
of a pregnant cow is 990 mg which is the highest among all the livestock animals in all stages of
life.1 The calculated annual excretion of different livestock species in different stages of life is
given in table 1.
Table 1: Estimated yearly estrogen excretion by different farm animals. Reproduced from
reference.1
Species

Category

Cattle

Calves
Cycling
Pregnant
Bulls
Cycling
Pregnant
Rams
Female broilers
Male broilers
Laying hens
Cocks

Sheep
Chickens

Yearly estrogen
excretion(mg)
16
110
990
200
8.4
19
9.1
0.34
0.07
7.1
1.2

1

1.2 Hormonal growth promotion in Livestock
Hormonal growth promotion is licensed and widespread in United states and European
union. Farmers supplement livestock animals with synthetic and natural steroids to enhance
growth and production. In United States more than 97% of cattle are routinely implanted with
hormones.2 Hormonal implants enhance growth rate from 10%-30%, increase feed efficiency from
5% to 15% and carcass leanness from 5% to 8%, thus commercially benefiting farmers. 3 Estrogens
are the major class of compounds used in growth promoting implants. 3 Endogenous estrogen 17βestradiol in combination with anabolic steroid trenbolone acetate (TBA) significantly enhanced
growth and feed efficiency in cattle. As a result, implanted animals excrete both natural and
synthetic hormones and their metabolites in urine and feces. The total estrogen excretion by
livestock animals in European Union and United States is 82 tons in the year 2000,of which, around
49 tons are generated by livestock waste in the US, most of which is from pregnant cattle. 1 The
total estrogens excreted by various livestock species in the European Union and US in the year
2000 is given in table 2, where pregnant and cycling cows contribute about 90% of endogenous
hormones in the United States.
Table 2: Estimated total annual estrogen excretion by livestock in the European Union and United
States in Year 2000 where hormonal growth promotion is widespread. Reproduced from
reference.1
Species/Category

Cattle
Calves
Cycling
Pregnant
Bulls

European Union
United States
Million Heads Estrogens(tons) Million Heads
82
26
98

Estrogens(tons)
45

24
29
21
7.8

0.27
2.2
43
0.46

0.38
3.2
21
1.6

2

17
20
43
2.3

Pigs
Piglets, Young pigs
Cycling
Pregnant
Boars

Sheep

3.0

59

63
27
8.6
1.5
112

1.2
0.60
1.2
1.3

0.83

5.7
0.52
7.7

0.40
0.43
0.092
0.087
0.005
2.7
0.23
0.048
2.4
49

51

Lambs
Pregnant
Rams

40
68
2.8
1002

1.3
0.025
2.8

2.5
4.6
0.58
1816

Female broilers
Male broilers
Laying hens

227
227
380
1318

0.077
0.016
2.7
33

691
691
332
1981

Chickens

Total

122

1.3 Occurrence of steroid hormones in Concentrated Animal Feeding Operations (CAFOs)
The contribution of animal agriculture as a source of steroid hormones in the environment is
considered significant, in the past two decades, due to the shift of livestock farms to commercial
concentrated animal feeding operations (CAFOs), which generate around 4.5 billion metric tons
of animal waste every year in United States.4 The effluents from CAFOs contain a wide variety of
natural and synthetic hormones, including estrogens, androgens, progestogens, and phytoestrogens
associated with animal feed. Phytoestrogens are estrogenic compounds found in plants like rice,
carrots, potatoes, apples and legumes, etc. The runoff directly from CAFOs enters the surface
waters present downstream of these feeding operations. These effluents contain hormonal
concentrations high enough to cause reproductive abnormalities in aquatic animals. It is estimated
that 90% of the environmental estrogen load from agriculture is through CAFOs. There is a need
to assess the concentrations of steroid hormones in CAFOs for proper management of these
effluents. Only a few papers in the literature reported the concentrations of steroid hormones
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detected in effluents and storage systems of CAFOs.4–10 The concentration of endogenous steroid
hormones in runoff after simulated rainfall was reported as 50 ng/L in cattle feedlots implanted
with trenbolone acetate and 17β-estradiol, which are above the predicted no-effect concentration
(PNEC) for aquatic animals.5 The predicted no-effect concentration (PNEC) is the concentration
of a chemical below which the long term or short term exposure will not have any negative effect
on the environment. The estrogen 17α-estradiol (15 ng/g) present in the fresh manure converted to
more potent estrone and 17β-estradiol with aging. The concentrations of estrogens in soil remained
stable throughout the study period. The increase in the concentration of 17β-estradiol with time is
possibly due to the deconjugation of conjugated estrogens in the soil. Mansell and his group
observed that concentrations of steroid hormones in effluents and soil samples of treated and
untreated cattle did not vary and the fraction of estrogens in runoff is very low compared to fresh
manure.5 In contrast, a high concentration of endogenous estrogens was detected in surface runoff
after natural rainfall from beef cattle feedlot.4 The concentration of 17β-estradiol was 1250ng/L in
treated cattle samples and 540ng/L in untreated cattle samples, whereas estrone concentration was
720 ng/L in both treated and untreated samples. Concentrations of endogenous and synthetic
steroids detected in manure and surface soils of cattle feedlots are in the biologically active range.
The concentration of estrogens in fresh dairy waste solids are measured as 98(±18) µg/L estrone
and 53(±12) µg/L 17β-estradiol.9
Typically, animal excreta is transferred from the feeding sheds to a series of storage systems
called digesters and later applied to agricultural lands as fertilizer. The waste undergoes anaerobic
digestion in the digesters, producing digestate rich in nutrients and hence widely used as fertilizer.
In dairy waste lagoons, the concentration of endogenous steroid hormones was detected as high as
650 ng/L which shows that these CAFOs are an important source of steroid hormone loading to
4

the environment.11 To assess the potential risk of hormone contamination resulting from the land
application of cattle waste, estrogens in a typical dairy waste disposal system were determined
using GC/MS and solid phase extraction. The concentration of 17β-estradiol measured in fresh
manure was 153±25 µg/kg, which completely degraded within 3 months in the storage system.
Estrone concentration in fresh manure was 535±62 µg/kg which decreased to 68±5 µg/kg after
storage.6 Microbes transform and degrade different compounds like steroid hormones and
antibiotics present in the waste. Zheng suggested that increasing piling time of solid waste and
residence time of liquid waste in sequencing lagoons could be efficient practices to increase the
degradation of estrogens and reduce contamination. On the other hand, Lorenzen observed that the
estrogenicity of manure remained the same or increased by several orders of magnitude under
some storage conditions. However, they were unable to identify the conditions responsible for the
stability of the compounds.5
1.4 Occurrence of steroid hormones in aquatic environment.
Manure from the storage system is applied to agricultural lands as a source of nutrients.
Steroid hormones from applied manure contaminate the soil, enter surface water and groundwater
due to leaching and runoff after rainfall. Endogenous steroid hormones were detected in surface
waters in areas surrounded by high agricultural activities. Surface waters receiving runoff from
CAFOs reported a 17 ng/L concentration of estrogens.11 Estrone concentrations measured from
samples collected from 5 streams, impacted by agriculture, ranged from 0.6 to 2.6 ng/L with
detection frequency of >90% and concentrations of 17β-estradiol ranged from 0.09 to 5.04 ng/L.
This study hypothesized that the sorption of estrogens occurred on suspended particles and
sediments.12
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Wastewater from underlined dairy waste lagoons and manure water applied to fields
percolate through soil contaminating shallow groundwater. Steroid hormones were detected in
water samples collected from groundwater wells near dairy waste lagoons and manure applied
fields. The concentration of 17β-estradiol measured in groundwater samples is about 6.3 ng/L. 11
1.5 Effect of estrogen contamination on aquatic life.
Steroid hormones regulate sexual differentiation, sexual development and reproduction in
males and females. In female fish, estrogens induce the synthesis of vitellogenin protein (egg yolk)
during oocyte maturation and reproduction. Studies13–16 show that natural and anthropogenic
steroidal hormones present in the surface waters cause detrimental effects on endocrine and
reproductive health of aquatic wildlife in very low concentrations. Among all steroid hormones
and their mimics, estrogens are the most potent EDCs that negatively affect the endocrine system
of many aquatic animals, especially fish. Exogenous estrogens stimulate production of
vitellogenin, a yolk protein in male and juvenile fish forming early-stage eggs in their testes, as
shown in figure 1. Feminization of male fish is associated with the presence of estrone, 17βestradiol and synthetic estrogen 17α- ethynyl estradiol, commonly used in birth control. In a 7year study, fish were exposed to synthetic estrogen 17α- ethynyl estradiol. Altered oogenesis in
female fish, feminization of male fish, intersexuality and loss of fish population leading to near
extinction of fish species were reported.13 Natural estrogens, estrone (E1) and 17β-estradiol (E2)
are of major concern because they are commonly detected in agricultural and aquatic environments
and cause endocrine disruption in very low concentrations. Male fish of Japanese medaka exposed
to a 5 ng/L concentration of 17β-estradiol (E2) produced female specific protein vitellogenin.
Exposure to 1.0ppb of E2 completely feminized male medaka fish. 16 Many studies proved that
effluents from wastewater treatment plants (WWTPs) had an adverse effect on wild fish
6

populations due to the presence of estrogenic substances. Jobling and his group studied estrogenic
effects in wild population of roach fish present downstream and upstream of WWTPs. 14 A high
incidence of sex reversal and intersexuality in fish present downstream to WWTPs was observed. 14
The main reasons for this endocrine disruption are the incomplete removal of estrogens from the
sewage water and the potency of these substances in low concentrations. Until now, studies
focused on WWTPs while various abnormalities of the reproductive system were observed in male
and female fish species exposed to manure-borne estrogens. Animal waste, unlike human waste,
is not treated like municipal waste, which passes through the wastewater treatment plants before
being disposed into the water bodies. Concentration of estrogens in livestock waste are 100-1000fold higher than those in WWTPs effluents.6 The total daily estrogen excretion by dairy cows is
9kg/day, whereas humans excrete 3kg/day in the United States. 9 It is important to assess the
potential risk resulting from applying dairy cattle waste as manure. Residual hormones consumed
via drinking water cause endocrine cancers, such as breast, ovarian, and testicular cancer, and
decreased sperm production in humans.1 It is important to determine the impact of manure-borne
estrogens on the environment.
Figure 1: Tissue sections of Ovary and Testes from control fish and affected fish. A: Ovary from
control female fish with normal oocytes. Small, dark, primary-stage oocytes situated between
cortical alveolar-stage oocytes and large vitellogenic oocytes B: Ovary from fish exposed to
synthetic estrogen with an atretic follicle(arrow). C: Testis from control male fish D: Testicular
tissue from fish exposed to estrogens demonstrating intersex (both male and female gonadal
tissues); arrows indicating primary-stage oocytes. Reproduced from reference.13
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1.6 Structure and properties of estrone and 17β-estradiol.
Primary estrogens estrone and 17β-estradiol are the most common steroid hormones
detected in dairy farms and are the analytes of our interest. Physico-chemical properties of these
compounds are studied to understand their occurrence, transportation, adsorption, degradation, and
transformation in the environment. The selection of sample preparation reagents and analytical
techniques depend on the physico-chemical properties of the desired analytes.
Estrogens are moderately hydrophobic, non-volatile, poorly soluble in water and are basic
in nature. The values of Log Kow (Octanol-water coefficients), pKa(log dissociation constant),
Vapor pressure (kPa) , Solubility in water(Sw) and predicted no effect concentrations (PNEC) are
displayed in table 3. 17,18 When the concentrations of estrogens exceed PNEC values, an impact
on aquatic life is expected. These values are derived by studying in-vivo vitellogenin induction in
different species of fish and are used for risk assessment of steroid estrogens.

8

estradiol.9 Conjugated estrogens undergo enzymatic hydrolysis to free estrogens in the presence
of fecal bacteria Eschericia coli. Enzymes required for hydrolysis are glucuronidase and
sulfatase.17
Figure 2: Interconversion of free and conjugated estrogens. Reproduced from reference 7

1.8 Conjugated and Unconjugated estrogens
Estrogen and Estrogen Conjugates in Solid and Liquid Manure Lagoons
Estrogens are excreted as biologically active free forms in feces and as inactive, watersoluble conjugated forms in urine. Conjugated estrogens are more mobile in the environment than
free estrogens due to their higher solubility in water. They act as precursor hormone reservoirs and
undergo transformation in the storage system by enzymatic hydrolysis to bioactive free estrogens
which are potent endocrine disruptors. Due to these reasons, conjugated estrogens significantly
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contribute to the overall estrogen load to the environment. Analysis of lagoon samples from
different CAFOs for estrogens and estrogen conjugates is carried out using LC-MS/MS. 7 Samples
were collected from a Swine lagoon (Swine sow-SS), poultry lagoons (two primary poultry
lagoons-PO1, PO2) and a dairy lagoon (Secondary lagoon-DA), which are used directly for land
application. The four common conjugates found in the lagoon samples were: estrone-3-sulfate,
17β-estradiol-3-sulfate,17α-estradiol-3-sulfate and 17β-estradiol-17-sulfate, mostly in sulfate
forms, due to the recalcitrant nature of sulfate to hydrolysis as compared to glucuronide group. 7
Table 4: Concentrations(ng/L) of conjugated estrogens in various types CAFO lagoons
determined by LC/MS/MS.SS-Swine sow, PO1(Poultry primary 1), PO2(poultry primary 2), DA
(Dairy secondary lagoon). The concentrations were given in mean with standard deviation.
Reproduced from reference. 7
Estrogen conjugate

SS

PO1(ng/L) PO2(ng/L) DA (ng/L)

(ng/L)

blank spike

matrix

recovery (%)

spike
recovery
(%)

Estrone-3-sulfate

1.8 ± 0.2

2.9 ± 0.9

1.3 ± 1.1

87.0 ± 3.5

96 ± 5

110

Estrone-3-glucuronide

<1.0

< 1.0

<1.0

<1.0

125 ± 22

82

17α- estradiol-3-sulfate <1.0

<1.0

<1.0

170 ± 20

17β-estradiol-3-sulfate

<1.0

10.3 ± 3.2

<1.0

42.0 ± 2.6

99 ± 7

102

17β-estradiol-3-

<1.0

<1.0

<1.0

<1.0

117 ± 19

71

17β-estradiol-17-

79.8 ±

<1.0

<1.0

<1.0

23 ± 20

91

sulfate

6.8

17β-estradiol 17

<1.0

<1.0

<1.0

<1.0

23 ± 22

150

NA

glucuronide

glucuronide
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17β-estradiol-3-sulfate

<1.0

<1.0

<1.0

<1.0

34 ± 25

195

<1.0

<1.0

<1.0

<1.0

117 ± 40

111

<1.0

<1.0

<1.0

NC

46 ± 27

271

<1.0

<1.0

<1.0

<1.0

60 ± 44

35

Estriol-3-sulfate

<1.0

<1.0

<1.0

<1.0

85 ± 10

98

Estriol-3-glucoronide

<1.0

<1.0

<1.0

<1.0

41 ± 11

73

17-glucuronide
17β-estradiol-3glucuronide-17 sulfate
17β-estradiol-3,17disulfate
17β-estradiol 3,17diglucuronide

The concentration of estrogen conjugates is higher in dairy when compared with swine and
poultry lagoons, while the concentrations in swine and poultry are comparatively similar. The
contribution of estrogen conjugates ranged from 27 to 35% for swine sow and poultry primary
lagoons and 57% for dairy lagoons.7 It is best to consider this data before using these lagoons for
land application.
1.9 Sample preparation and Extraction.
Trace concentration of analyte molecules present along with a large number of interfering
compounds in the sample matrix make analysis extremely difficult. Major analytical challenge in
the determination of estrogens in cattle waste is the separation and preconcentration of desired
analytes from complex waste samples.
1. Dairy cattle waste is a complex matrix with a large number of compounds like steroid
hormones, antibiotics, phytoestrogens, plant material, microbes and metabolites from cattle
gut that interfere with the analysis of compounds of interest. These substances can cause
ion suppression of the desired analytes resulting in poor signal response.
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Such

interferences should be removed to identify and quantify estrogens. Injection of unwanted
compounds into the system builds up contamination resulting in instrument downtime.
2. Low concentration of estrogens results in low signal response from the analytical

instruments. To overcome these challenges sample preparation and clean-up are necessary
before instrumental analysis for accurate and reliable results.
Sample preparation is used to clean up a sample, separate analyte molecules from interfering
compounds to reduce matrix effect and enrich compounds of interest to prepare it for LC-tandem
MS and GC-MS analysis.
Extraction and preconcentration of analytes from the cattle waste matrix using techniques
like SPE and SBSE results in chromatograms with desired peaks and minimal ion suppression.
1.9.1 Solid Phase Extraction (SPE)
Solid phase extraction (SPE) is a powerful sample preparation technique used for the
extraction of analytes from a complex matrix in a liquid phase. SPE helps preconcentrate and
separate analyte molecules, which bind to the solid packing material when liquid sample is passed
through and later eluted using an organic solvent. The SPE stationary phase is a polymer usually
contained in syringe cartridge (Figure 3a.). Compared to Liquid-Liquid extraction, this technique
is rapid, easy to perform, can be automated and requires low amounts of solvent.
1.9.1 a) Principle of SPE
The SPE of desired analytes from the complex mixture is based on the principle of
adsorption or partitioning of analyte molecules between the solid phase sorbent and the liquid
phase. The complex sample matrix contains the analytes and interferences. SPE cartridges are
made up of different types of solid packing materials used to extract a wide variety of organic
13

compounds present in different matrices. Types of sorbents available are reversed phase, normal
phase, ion exchange and adsorption.
Reverse phase separations involve non-polar stationary phase and polar or moderately polar
sample matrix. The sorbent is composed of hydrophobic alkyl or aryl functional groups attached
to silica chains, which retain moderately polar to non-polar organic compounds from polar
solutions (e.g., water) due to the attractive forces between the carbon-hydrogen bonds in the
analyte and the functional groups on the silica surface.
b) Oasis Hydrophilic lipophilic balance (HLB) cartridges.
Oasis HLB is a Hydrophilic-Lipophilic-Balanced reversed-phase universal sorbent used for
the separation of a wide range of polar and non-polar compounds. It comprises two monomers, the
hydrophilic N-vinylpyrrolidone and the lipophilic divinylbenzene, and is used to extract estrogens
from dairy cattle waste samples.
Figure 3: (a) Oasis HLB syringe-like Cartridge, (b) HLB sorbent and (c) Polymer sorbent in
HLB made up of two monomers (Hydrophilic N-vinyl pyrrolidone and Lipophilic Divinyl
benzene). Reproduced from waters.com.

(a)

(b)

(c)

c) Steps involved in SPE
Solid phase extraction involves four steps:
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1. Conditioning: Packing materials are very porous and 99% of chromatographic surface is
inside the pores. The solid packing material is conditioned with a solvent and then
equilibrated with DI water to wet the pores, which helps in the trapping of analyte
molecules.
2. Loading: The aqueous sample containing analyte compounds is loaded onto the cartridge,
which percolates through the solid phase. Analytes and some impurities are retained on
the sorbent.
3. Washing: The sorbent is then washed using a solution to remove interferences retained on
it.
4. Elution: The desired analytes retained on the chromatographic sorbent are selectively
eluted and collected using organic solvent.
Figure 4: (a)Steps involved in SPE (b) Flow chart of steps involved in SPE of estrogens using
oasis HLB. Reproduced from waters.com.

(a)

(b)
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1.9.2 Stir Bar Sorptive Extraction (SBSE)
Stir bar sorptive extraction, introduced in 1999, is a miniaturized and solvent-less sample
preparation technique used for the extraction of organic compounds from an aqueous sample
matrix. In SBSE, stir bars (twisters) coated with polydimethylsiloxane (PDMS) are used to extract
analytes based on the principle of distribution or partition of target analytes between liquid sample
and stir bar polydimethylsiloxane (PDMS) phase. A stir bar consists of a magnetic rod
encapsulated in a glass jacket coated with PDMS polymer as shown in figure 5(a) Gerstel twister
(stir bar) and (b) Poly dimethylsiloxane polymer
Figure 5: (a) PDMS Gerstel twister, (b) PDMS sorbent and (c) Stir bar sorptive extraction.
Reproduced from reference 19 and Wikipedia.

(b)

(a)
Advantages of SBSE
1.

SBSE is a miniaturized green analytical technique

that minimizes the organic solvent consumption, thereby
reducing the analytical cost.
(c)

2.

Stir bars have a 50-250 times larger phase volume

when compared to SPME (Solid-Phase Micro Extraction), which results in higher analyte
recovery.20
3. Increases sensitivity and lowers detection limits.
4. Easy to use and saves time.
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1.9.3 Derivatization
Derivatization is a common method used to change the chemical properties of analytes by
transforming the functional groups forming product derivatives while retaining the original
structure of the initial compounds to avoid column adsorption and enhance sensitivity for
analytical detection. Estrogens are moderately polar, non-volatile, and thermolabile compounds
(Table 3 displays physico-chemical properties of estrogens) which require derivatization before
GC-MS analysis. Derivatization is an additional step employed to derivatize (-OH) hydroxyl
functional groups to reduce polarity, enhance volatility and increase thermal stability of the analyte
molecules for better sensitivity and improved chromatographic separation of components in
mixtures by GC-MS analysis.
1.9.3 a) Derivatization techniques.
The two frequently applied derivatization techniques for estrogens are: (i) Silylation and (ii) Acetylation
Silylation is the most common and versatile method used to derivatize organic compounds
containing active hydrogen atoms (e.g. -OH, =NH, -NH2, -SH, -COOH), to form products with
reduced polarity, enhanced volatility and increased thermal stability necessary for optimal
sensitivity and resolution in GC-MS analyses.21 Common silylating reagents are BSA (N, O-bis(trimethylsilyl)-acetamide, N, O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA), N-methyl-Ntrimethylsilyl

trifluoroacetamide

(MSTFA)

and

N-(tert-butyldimethylsilyl)-N-methyl

trifluoroacetamide (MTBSTFA). These reagents silylate the hydroxyl group of estrogens forming
trimethylsilyl derivatives which are volatile and thermally stable. BSTFA and MSTFA are
frequently used silylating reagents due to their high volatility and strong silylating power. But, the
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reagents and their derivatives are very sensitive to moisture requiring strict anhydrous reaction
conditions, which is the major drawback of these silylating agents. The reaction of BSTFA with
estrogens estrone and 17β-estradiol is displayed in figure 6.
Figure 6: (a) Reaction of BSTFA with estrone and (b)Reaction of BSTFA with 17β-estradiol.
Reproduced from reference.22,23

(a)
(i)

(b)

Acetylation:
Acetylation with anhydrides is another frequently applied derivatization technique.

Heptafluorobutyric anhydride (HFBA), acetic acid anhydride, pentafluoro propionic acid
anhydride (PFPA) are commonly used acetylating agents to derivatize estrogens. The reaction of
estrone and 17β-estradiol with acetic anhydride is shown in figure 7.
Figure 7: Reaction of estrone and 17β-estradiol with acetic anhydride.
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Research objective:
Our research aims to develop a method for the extraction and quantification of estrogens in
pre and post anaerobically digested cattle waste using SPE and SBSE. The qualitative and
quantitative determination of estrogens is carried out using analytical techniques LC-MS/MS and
GC-MS due to their high sensitivity and selectivity.
The concentration of estrogens in the digested cattle waste, which is applied to land as
fertilizer, are compared to the concentration of estrogens in fresh cattle waste to study the impact
of anaerobic digestion on the concentration of free estrogens, which are potent endocrine
disruptors. This study helps farmers understand the potential risk of estrogen contamination from
the pre- and post-digested cattle waste, and the storage conditions which influence the fate,
transformation, and degradation of free estrogens in an anaerobic setting.

19

2.Literature
Raman et al. performed liquid-liquid extractions of dairy manure waste solids using ethyl
ether but reported frequent GC column contamination from the unwanted organic compounds from
cow waste.9 Zheng et al. used carbograph and florisil SPE columns to clean solid and liquid manure
samples which is cumbersome.6 Hanselman used both carbograph and C18 SPE to purify flushed
dairy manure waste water.8 Kolodziej et al (2004) extracted estrogens from dairy waste lagoons,
surface water and groundwater downstream to dairy CAFOs using C-18 solid-phase extraction
disks followed by GC-MS/MS analysis.11 Pengcheng Xu used C18- solid phase extraction columns
for poultry, swine and cow waste followed by HPLC analysis which gave recoveries of 92.2 % for
estradiol and 86.7 % for synthetic estrogen 17α- ethynyl estradiol. 10
Sarah Combalbert et al. used 200mg HLB cartridges to extract hormones from liquid swine
manure samples and later purified the resulting extracts using 500mg LC-NH 2 cartridges.24 Rafika
Ben Sghaier used HLB cartridges to extract estrogens and other steroid hormones from surface
water samples with a recovery range of 54-58% and subsequent determination using GC-MS. 22
Cong Hu et al. used PDMS coated stir bars to extract estrogens from pork and chicken
samples, followed by liquid desorption and HPLC analysis. The recovery percentage for βestradiol was 101.1.25 Similarly Arantza used PDMS stir bars to
Method trials from the literature were carried out with some minor changes to develop a
method for extraction and enrichment of estrogens from complex cattle waste samples.
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3.Materials and methods
Pure standards of estrone and 17β-estradiol were purchased from Sigma Aldrich. Standard
stock solution for each of the analytes were prepared at a concentration of 500 ppm. Working
solutions of 100 ppm and 10 ppm were prepared from a stock solution. Dilutions in the range of 1
ppm -100 ppb were prepared from working standard solutions.
3.1 Chemicals
Standard steroid hormones estrone(E1) and 17β-estradiol(E2) were purchased from Sigma-Aldrich
(purity>99.0 and 98 %;).
SPE-LC-MS/MS analysis: Optima LCMS grade Acetonitrile, Water and methanol were purchased
from Fischer chemical. Ammonium hydroxide (ACS grade) was purchased from Fischer scientific.
Ethyl acetate, Acetone, methanol used for solvent extraction and SPE are supplied by SigmaAldrich.
Oasis HLB Cartridges 500 mg and 1g were purchased from Waters.
SBSE-GC/MS analysis: Gerstel twisters (10 mm length X0.5 mm thickness), Acetic anhydride
ACS reagent were purchased from Fisher Scientific.
Derivatization-GC-MS: The silylation reagent N, O Bis-trimethyl silyl trifluoro acetamide with 1
% trimethylchlorosilane (TMC) used for derivatization and hexane are obtained from Sigma
Aldrich. Pyridine (Spectrophotometric grade) was purchased from Aldrich chemical company Inc.
Milwaukee, WI. N, N- Dimethyl formamide from Fisher Scientific Company.
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3.2 Sample collection and experimental setup
The fresh dairy cattle waste samples were collected from the WKU dairy farm in a container
and immediately stored at -20 oC. The fresh dairy waste samples consisted of feces, urine and
bedding and was 70 % water and 30 % solids. To remove moisture, the waste was freeze dried at
-50 oC for 3 days using Lyophilizer. For SBSE, fresh and digested samples were collected every
week in plastic bottles that are either extracted immediately or stored at -20 oC.
3.3.1 Optimized sample preparation (SPE) for estrogens:
To develop a method for the extraction and pre-concentration of estrogens using solid
phase extraction, numerous method trials from the literature were carried out using fresh cattle
waste samples collected from WKU dairy farm. Samples collected in plastic containers were
immediately stored in a freezer at -20 oC to avoid degradation of estrogens. The samples were
thawed at room temperature before freeze-drying them at -50

o

C for 3 days. Fresh samples

containing various proportions of water and solids were freeze-dried to obtain a homogenous
sample mixture used for further sample clean up. To 0.5 g of freeze-dried sample, 10 ml of acetone:
methanol (1:1) was added, vortexed for 30 secs and sonicated for 15 mins to dissolve analytes in
the solvent and then centrifuged for 20 mins at 10,000 rpm and room temperature. Without
disturbing the tubes, the supernatant was carefully transferred to a test tube and the procedure was
repeated twice with 8ml of acetone: methanol in 1:1 ratio. The supernatant was centrifuged in case
there were any solid particles to avoid SPE cartridge blockage. After centrifugation, the collected
supernatant was dried completely with nitrogen gas at 35 oC. Steps involved in the solvent
extraction are represented in the flow chart in figure 8. The dried samples were reconstituted with
1ml methanol, and then diluted with 100 ml of pH 2 water in an amber bottle. The aqueous samples
were then loaded onto the conditioned SPE cartridges.
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Figure 8: Flow of chart of steps involved in solvent extraction of dried cattle waste samples.

Oasis 500mg HLB cartridges used for SPE of estrogens were conditioned with 10ml of 50
% ethyl acetate in methanol followed by 10 ml of methanol and then equilibrated with 10ml DI
water. Aqueous samples were then passed through conditioned cartridges at a flow rate of 3
ml/min. After sample loading, the cartridges were washed with 20 ml of 5% methanol in water to
remove interferences and then completely dried using a vacuum pump. The cartridges were next
eluted with 10 ml 50% ethyl acetate in methanol and 10ml of methanol. The resulting eluant with
desired analytes was blown to dryness using a nitrogen evaporator under stream of nitrogen gas at
38 oC. The dried extracts were reconstituted in 1 ml of the injection solvent (30 % of Methanol in
LCMS water), filtered using 0.22 um syringe filters and transferred to 2 ml vials for LC-MS/MS
analysis.
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3.3.2 LC-MS/MS analysis.
Estrogen identification and quantification was performed using a Varian 212-LC and
Agilent 500 Ion trap mass spectrometer using a Waters Xterra C18 HPLC column
(2.1x150mm,3.5µm) for the chromatography. The mobile phase consisted of 0.02% of ammonium
hydroxide in water (Solvent A) and 0.02% of ammonium hydroxide in acetonitrile (Solvent B).
Ammonium hydroxide was used as a modifier that helped in improved ionization of the analyte
molecules. Injection volume was 20 µl. The optimized mobile phase gradient is given in table 5
with a total run time of 13 mins at a flow rate of 140 µl/min.
Table 5: Gradient mobile phase program.
Time (min: sec)

% A (Aqueous solvent)

%B (Organic solvent) Flow (µl/min)

1.
2.
3.
4.

0:00
3:00
8:30
10:00

50
50
10
50

50
50
90
50

140
140
140
140

5.

13:00

50

50

140

Figure 9: Percentage of Organic solvent (%B) with time for optimized mobile phase gradient.

Electrospray Ionization (ESI) was used as an ionization source with a negative ionization
mode. A full scan was performed to identify estrogens which showed precursor ion of β-estradiol
and estrone at 271m/z and 269m/z, respectively. For quantification of estrogens, MS/MS (triple
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quadrupole) scan type is used with an enhanced [5000µ/sec] (50-2000m/z) scan mode for better
sensitivity and selectivity estrogens. Other MS parameters optimized are presented in Table 6.
Table 6: Agilent 500 IT MS parameters with optimized values:
S. No
1.
2.
3.
4
5
6
7
8

MS Parameter
Capillary voltage
RF Loading (%)
Nebulizer Pressure
Drying Gas Temperature
Drying Gas Pressure
Needle Voltage
Spray shield voltage
Excitation amplitude

Value (Unit)
100 Volts
85
35.0 psi
350 oC
10.0 psi
5000 volts
600.0 volts
0.10

3.4.1 Optimized sample preparation (SBSE) for estrogens.
Gerstel PDMS twisters (Stir bars) of length 10mm and 0.5mm film thickness were used for
the extraction of estrone and 17β-estradiol from cattle waste samples. Pre- and post-digested
samples collected in plastic containers were either extracted immediately using stir bars or stored
at -20o C for extractions later. Hundred ml of pre- and post-digested samples were added to a 200
ml beaker. A conditioned stir bar was added to each of the samples in the beakers, which were
then placed on a BT Lab systems 8-position digital magnetic stirrer or stir plate for 2 hours at 500
r.p.m (Revolutions per minute). After 2 hours, the stir bars were taken out of the samples with the
help of tweezers and rinsed with DI water. The stir bars are then wiped dry with a Kimwipe and
carefully placed in labeled vials. The vials were transferred to USDA for GC-MS analysis. The
next step was to derivatize the extracted estrogens before GC-MS analysis. The stir bars were
placed in autosampler vial tubes and 5µl of acetic acid anhydride was introduced into the tubes to
derivatize estrogens. The tubes were then capped and incubated for 1 hour at 70 oC. After an hour,
the tubes are taken out of the incubator and placed in GC-MS autosampler, which eventually
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introduces the stir bar to the thermal desorption unit (TD-30). The estrogen derivatives present in
the stir bars were thermally desorbed into the GC column for separation and MS detection.
After the analysis, used stir bars were cleaned and conditioned using a Gerstel Thermal
Desorption Unit (TDU) for 2 hours at 280oC temperature with nitrogen gas at 58psi pressure. The
conditioned stir bars were stored in capped vials for more extractions. One Stir bar can be reused
for 50 extractions.
3.4.2 GC-MS Analysis
After derivatization, estrogens were determined using Shimadzu Nexis GC-2030 series Gas
chromatograph and QP 2020 NX mass spectrometer with TD-30 series thermal desorption and
autosampler. The total run time was 89 mins and the temperature gradient program optimized for
the analysis of estrogens is presented in Table 7:
Table 7: Optimized temperature gradient program.
S. No
1.
2.

Rate
o
C/min
10.00

Temperature
(oC)
50.0
280.0

Hold time
(min)
3.00
56.00

Table 8: Shimadzu GCMS parameters are maintained as displayed
S. No
1.
2.
3.
4.
5
6
7
8
9
10

Parameter
Injection temperature
Injection mode
Flow rate
Ion source temperature
Interface temperature
Purge flow
Equilibrium time
Solvent cut off
Thermal desorption
Total run time

Value
25oC
Split less
1.0 ml/min
230oC
230oC
3.0 ml/min
2 mins
5 mins
5 mins
89 mins
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3.5 Derivatization study of estrone and 17β-estradiol using GC-MS.
3.5.1 Optimized derivatization procedure with BSTFA.
A derivatization study was carried out using standard solutions of estrogens evaporated
under a stream of nitrogen. To the dried samples, 250µl of BSTFA and 250µl of pyridine was
added, vortexed for 1 min and incubated at 60oC for 30 mins. The test tubes were removed from
the incubator, cooled down to room temperature and dried under a Nitrogen stream. The resulting
dried sample was reconstituted in 1ml of hexane and 1µl was injected into GC for separation and
MS detection.
3.5.2. Estrogen analysis using Varian GC-MS
Estrogen derivatives are determined using Varian 450-GC Gas chromatograph and Varian
220-MS Ion Trap mass spectrometer with an Agilent high resolution HP-5ms capillary column
(length 30m x diameter 0.250mm, film thickness 0.25 µm) containing ((5%-Phenyl)methylpolysiloxane) stationary phase.
To study various factors influencing the effectiveness of derivatization and analysis using
GC-MS, a standard solution of estrone and estradiol were derivatized using BSTFA with 1%
TMCS (Trimethylchlorosilane), which acts as a catalyst for the derivatization and pyridine as the
aprotic solvent. An optimized derivatization procedure was followed, as mentioned above,
throughout the study. The temperature program optimized for the identification and quantification
of estrone, and 17β-estradiol is given in table 9 with a total run time of 15 mins.
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Table 9: Temperature program optimized for analysis of estrogen derivatives using GC-MS.
S. No

Temperature (oC)

Rate

Hold

o

(min)

C/min

Total(min)

1.

200.0

0.00

0.00

0.00

2.

250.0

10.0

1.00

6.00

3.

270.0

5.0

1.00

11.00

4.

300.0

10.0

1.00

15.00

Helium was the carrier gas, and a flow rate of 1ml/min was used. A splitless injection mode
was used with an injection temperature of 250oC.
Table 10: Optimized GC-MS parameters
S. No

Parameter

Value

1.

RIC scan number

846

2.

Scan number

1-1422

3.

Trap temperature

150oC

4.

Manifold temperature

40oC

5.

Transfer line temperature

170oC

6.

Axial modulation voltage

4.0 volts

7.

Final gain value

1900 volts

8.

Emission current

10 micro amps.
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4.Results and Discussion
4.1 LC-MS/MS instrument optimization and calibration
4.1.1 Electrospray Ionization Mode in LC-MS/MS for estrogens.
The ESI MS has positive and negative ionization modes where the analyte molecules were
protonated in positive mode (M-H)

+

and deprotonated in negative mode(M-H)-. In electrospray

ionization injection solvent is dispersed by electrospray by applying high voltage into fine
aerosols. The solvent from the aerosols evaporates producing ions. Electrospray ionization in
negative mode produced molecular anions [ M-H] - of estrone and estradiol with m/z 269 and 271
respectively (figure 10). ESI is a soft ionization technique causing little fragmentation of the
analyte molecules. Estrogens were analyzed in both modes to find the best ESI mode. The resulting
chromatograms were compared as shown in figure 11. Negative mode gave good results with
improved ionization of analyte molecules, lower background noise and increased sensitivity. The
ionization efficiency of estrone and estradiol is higher in negative mode due to their ability to form
anions under ESI conditions.
Figure 10: Molecular anions of Estrone(E1) and β-Estradiol (E2)
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Figure 11: LC-MS/MS (a) Chromatogram of estrogens analyzed with ESI positive mode. (b)
Chromatogram of estrogens analyzed with ESI Negative mode.
(a)

(b)

4.1.2 Optimization of Capillary voltage.
Capillary voltage in a mass spectrometer is the voltage applied to the electrospray capillary
to promote the ionization process. Capillary voltage is an important MS parameter that needs to
be optimized for each analyte molecule for better results. In negative ionization mode, estrogens
were analyzed with different capillary voltages and capillary voltage of 100 volts gave well
resolved peaks with high intensity.
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4.1.3 SPE of DI water samples spiked with 100ppm of standard estrone and 17β-estradiol
One hundred ppm of standard estrogens were spiked in 100 ml of DI water to study the
recovery efficiency of SPE and determination of estrone and β-estradiol from DI water samples.
The pre-spiked water samples were passed through SPE cartridges conditioned with 10ml
methanol and 10ml of DI water. After sample loading, the cartridges were washed with 10 ml of
DI water twice and then dried for 10mins. The analytes in the SPE sorbent were eluted with 25 ml
of methanol, completely dried, and reconstituted in 1 ml of methanol before analyzing with LCMS/MS. To check the loss of analytes in the washing and drying steps of SPE, the chromatograms
of SPE, including washing and drying steps, were compared to SPE without washing and drying
steps using a 100 ppm estrogen standard (Figure 13).
Figure 13: LC-MS/MS Chromatograms of 100 ppm standard solution of estrone and estradiol
compared with 100ppm pre-spiked SPE with washing steps and drying steps.

The peaks areas of estrone and β-estradiol in resulting chromatograms were integrated and
the data is compared to peak areas of 100 ppm standard estrone and β-estradiol as shown in table
11.
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Table 11: Loss of analytes during washing and drying steps in SPE.
S. No.

SPE Procedure

Estradiol (E2) peak area

Estrone (E1) peak area

1.

SPE with wash and dry

3.062e+7

5.782e+7

2.

SPE with dry

3.336e+7

6.300e+7

3.

SPE without wash and dry

3.095e+7

6.094e+7

4.

Standard solution (100ppm)

4.384e+7

7.155 e+7

The loss of analytes through washing and drying steps was observed to be negligible, i.e., <1%
using the data gathered in Table 11.
Figure 14: LC-MS/MS chromatogram peak areas of 10ppm Pre-spiked SPE of DI water
compared to 10ppm of standard estrone and estradiol.
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The DI water samples were spiked with 10ppm of estrone and β-estradiol followed by the
same SPE procedure as above to calculate recovery percentage. The resulting chromatogram peaks
were compared to standard 10ppm estrone and β-estradiol as shown in figure 14, which gave
recovery percentages of 78.4% for β-estradiol and 102% for estrone. The possible reason for
recovery for estrone of more than 100% is due to the transformation of estradiol to estrone during
sample preparation.
4.1.4 SPE of manure samples pre-spiked with standard estrone and 17β-estradiol.
Three grams of dried cattle waste sample was weighed into a centrifuge tube and 20 ml of
acetone: methanol (1:1) was added, sonicated for 10 mins, and then centrifuged for 10 mins at
10,000 rpm. The supernatant was transferred to a test tube and the procedure was repeated twice
using 15ml of acetone: methanol solvent. The collected supernatant was completely dried under a
stream of nitrogen gas at 38 oC. SPE was carried out using a 500 mg HLB cartridge which was
conditioned with 10 ml of methanol and 10ml of water. The dried extracts were diluted to 100 ml
of pH 2 water and spiked with 10 ppm of standard estrone and β-estradiol solution. These aqueous
solutions were passed through the SPE cartridges. After completely passing the manure samples,
the cartridges were washed with 10 ml of DI water twice and dried for 10 mins using a vacuum.
The cartridges were eluted with 25 ml methanol which was blown down to complete dryness in
Nitrogen evaporator. The dried extracts were reconstituted in 1 ml methanol, filtered using a
syringe filter and injected into LC-MS/MS. An unresolved peak of estrone and β-estradiol was
observed in the resulting chromatogram as shown in Figure 15.
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Figure 15: SPE of 10ppm pre-spiked manure sample analyzed using LC-MS/MS.

The unresolved peak resulted possibly due to the co-elution of desired analytes with
interferences present in the cattle waste. To reduce the matrix effect, the interferences need to be
removed in the sample preparation step.
4.1.5 Wash with 5% methanol in water during SPE of spiked manure sample
After sample loading, SPE cartridges are washed with a small amount of organic solvent in
water to remove interferences retained on the sorbent along with the analyte molecules. 3 g of
dried manure sample was taken in a centrifuge tube and extracted with acetone: methanol. The
dried extracts were diluted in pH2 water and spiked with 10ppm of standard estrone and estradiol
(same procedure as above). The sample was passed through the 500mg HLB cartridge and then
washed with 20 ml of 5% methanol in water. After the washing step, the cartridges were dried
under vacuum and then eluted with 25ml methanol. The eluted methanol was blown to dryness,
reconstituted in injection solvent, and analyzed using LC-MS/MS. The resulting chromatogram is
shown in figure 16 with resolved estrone and 17β-estradiol peaks.
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Figure 16: LC-MS/MS chromatogram of 10ppm pre-spiked SPE of manure with 5% methanol
wash.

The resulting pre-spiked manure sample was compared to the standard of the same
concentration(10ppm) as shown in figure 17 for extraction efficiency and peak intensity.
Figure 17:LC-MS/MS chromatograms of 10ppm pre-spiked manure compared to 10ppm
standard estrone and estradiol.
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The chromatogram indicates a low peak intensity of spiked manure samples compared to the
standard. Pre-concentration of analytes from the sample improves peak intensity and peak shape,
achieved by efficient solvent extraction and solid phase extraction.
4.1.6 HLB 500mg and 1g
The extraction efficiencies of 500mg and 1g HLB cartridges were studied to improve peak
intensity. One hundred ml of pH 2 DI water samples were pre-spiked with standard estrone and
estradiol of 10 ppm concentration and passed through SPE cartridges containing 500 mg and 1g
of sorbent separately. The enriched analytes molecules were eluted with 20 ml methanol with 1%
ammonium hydroxide, which was evaporated using nitrogen gas. The dried extracts were
reconstituted in an injection solvent (30% methanol in water with 0.02% NH 4OH), filtered, and
analyzed with LC-MS/MS. The resulting chromatograms are compared in figure 18.
Figure 18: LC-MS/MS chromatograms of 10ppm pre-spiked SPE of DI water using HLB 500 mg
and HLB 1g cartridges.
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It is observed that the difference in the peak areas between estrone and estradiol peaks of
500mg and 1g sorbent is not significant. But the higher volume of sorbent in HLB 1g might help
in the better recovery of estrone and 17β-estradiol from complex environmental samples.
4.1.7 Changing composition of elution solvent to improve peak intensity
The composition of the elution solvent was changed to increase the efficiency of elution of
retained analyte molecules from the sorbent. The below two SPE procedures were compared for
their extraction efficiencies:
Table 12: Comparison of SPE procedure 1 and SPE procedure 2.
SPE step

SPE procedure 1(HLB 500mg)

SPE procedure 2(HLB 500mg)

Conditioning

10ml methanol +10ml DI water

10ml 50% ethyl acetate in methanol
10ml pure methanol+ 10ml DI water

Loading

1ppm spiked in pH2 water

1ppm spiked in pH2 water

Washing

20 ml 5% methanol in water

20 ml 5% methanol in water

Drying

Using vacuum for 20 mins

Using vacuum for 20 mins

Elution

20 ml methanol

10ml 50% ethyl acetate in methanol,10ml
methanol with 1% NH4OH

38

Figure 19: Overlay of LC-MS/MS chromatograms of 1ppm pre-spiked manure samples of SPE
procedure 1 and SPE procedure 2.

SPE procedure 2 gave better peak intensities compared to the SPE procedure 1. The addition of
ethyl acetate and ammonium hydroxide improved the elution efficiency of the elution solvent.
4.1.8 Optimization of electron multiplier Voltage.
To optimize electron multiplier voltage, estrogens were analyzed with different electron multiplier
voltages in LC-MS/MS that include 1125 v, 1450 v,1460 v,1470 v,1480 v,1490 v,1500 v. The
resulting chromatograms are compared, and the optimal voltage was chosen based on the intensity
of peaks, resolution and retention times matching the standard estrogens. Figure 20(a) displays
plot of electron multiplier versus signal intensity of estrone and 17β-estradiol and figure 20 (b) is
comparison of chromatograms at voltage 1125 and 1480.
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Figure 20: (a) Plot of Electron multiplier voltage versus Signal intensity of estrone and 17βestradiol. (b)Overlay of LC-MS/MS chromatograms at 1125 v and 1480 v.

Optimized Multiplier voltage for estrogens in Negative mode ESI is 1480 volts which improved
peak intensity of estrone and 17β-estradiol.
4.1.9 Loss of analyte during filtration using 0.22µm syringe filters.
Analytical concerns arising from different sources, often unexpected, are common challenges
for analytical chemists. Very low peak intensity of analytes extracted from the manure sample and
DI water samples compared to standard solution indicates possible loss of analytes during sample
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preparation. A step-by-step analytical approach was employed to identify the source of analyte
loss and find the solution. The dried sample after SPE was reconstituted in the injection solvent
(30% methanol in LCMS water+0.02% of Ammonium hydroxide) and filtered using syringe filters
to avoid column contamination. Loss of analytes (>90%) was observed during the filtration step
with a Millipore syringe filter before LC-MS/MS analysis. The chromatogram (a) in figure 21
compares pre-spiked SPE of 100ppb estrogens before and after filtration with the standard. To
check adsorption of analytes onto the syringe filters, 300ppb of standard estrone and estradiol
reconstituted in the injection solvent was filtered using four different filters available in the lab.
The resulting chromatograms were compared for a difference in analyte loss from four syringe
filters in figure 21 (b). The solution to analyte loss during filtration was found by changing the
composition of the injection solvent to 50% methanol in water with 0.02% NH 4OH, which
prevented adsorption on to Millipore syringe filter. Syringe filter Clarinet Nylon 0.22μm did not
adsorb any analyte molecules during filtration.
Figure 21: LC-MS/MS (a)Overlay chromatograms of 100ppb SPE of DI water filtered before LCMS/MS,100ppb SPE of DI water without filtration before LC-MS/MS, 100ppb standard solution.
(b)Overlay of chromatograms of 20ppm SPE with and without filtration. (c) Chromatograms of
300ppb of estrogens filtered using Fisher brand nylon 0.20µm syringe filter, Millipore Millex-GV
13mm 0.22µm syringe driven filter unit, Clarinet Nylon 0.22µm, Millipore 0.22µm syringe filter
compared with 300ppb standard estrogens.
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LC-MS/MS External Standard Curve.
External calibration curves of estrone and estradiol were plotted with six different
concentrations. Estrone and estradiol spiked into DI water samples and analyzed using LC tandem
MS. The concentrations that were spiked are:10 ppb, 25 ppb ,50 ppb, 100 ppb, 200 ppb and 500
ppb.
The linearity indicates the proportionality of signal response from the detector to the
concentration of the analyte. The calibration curves of estrone and estradiol had good linearity
with R2 values of 0.9999 and 0.9997.
Figure 22: (a) Calibration curve of estrone and (b)Calibration curve of 17β-estradiol
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4.2 GCMS instrument optimization and calibration.
Preliminary experiments using Gerstel twisters were carried out for method development
and optimization of GC-MS parameters.
4.2.1 Split and split less mode.
SBSE of DI water samples spiked with 100 ppb of standard estrone and β-estradiol were
carried out in split and splitless mode.
One hundred ml of fresh manure (pre-digester) and digester (post-digester) samples were
taken in a beaker and pre-spiked at 100 ppb estrone and β-estradiol. A conditioned twister was
added to each beaker and placed on the digital magnetic stirrer for 2 hours at 500 rpm. After 2
hours, twisters were taken out of the samples using tweezers, rinsed with DI water to remove the
solid particles attached to them and wiped dry with Kim wipes.
The twisters were carefully placed in autosampler tubes for derivatization. 4μl of acetic
anhydride was added to the twisters in the tubes and incubated overnight in a desiccator at room
temperature. The derivatized samples were analyzed using GCMS in split mode with split ratio of
20 and splitless mode, keeping other parameters and conditions the same. The peaks of estrone
and β-estradiol in the resulting chromatograms were compared as shown in figure 23.
Peaks of estrone and estradiol were not observed in split mode due to the dilution of trace
analyte concentrations present in the samples. In splitless mode, Estrone peak was observed at
28.40 mins (base peak 270 m/z) and β-estradiol at 29.6 mins (base peak 314 m/z).
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Figure 23: (a) GCMS Chromatogram of estrone and estradiol analyzed with split ratio 20.
(b) GCMS Chromatogram of estrone, and estradiol analyzed with splitless mode.
(a)

(b)

4.2.2 Incubation time and incubation temperature.
The effectiveness of derivatization depends on reaction conditions like temperature and time,
nature of derivatizing reagent and the solvent.21 Experiments were carried out using spiked DI
water samples to find the optimal time and temperature to achieve complete derivatization of
estrone and 17β-estradiol.
SBSE of three DI water samples pre-spiked with 10ppm of standard estrone and estradiol was
carried out. After addition of 4μl of acetic anhydride, stir bars were incubated at three different
time and temperature combinations as shown in table 13 and then analyzed with GC-MS.
45

Table 13: Incubation conditions followed for 10ppm samples 1,2 and 3 respectively.
S. No

Incubation temperature

Incubation time

1.

Room temperature

Overnight

2.

50 oC

Overnight

3.

70 oC

1 hour

After derivatization, the stir bar samples were analyzed using GCMS and the resulting
chromatograms were compared to study optimal derivatization conditions of estrogens with acetic
anhydride.
Figure 24: (a)GCMS Chromatogram of sample 1(incubated overnight at room temperature), (b)
GCMS Chromatogram of sample 2(incubated overnight at 50 oC) (c) GCMS Chromatogram of
sample 3(incubated for 1 hour at 70oC).
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It is observed that acetic anhydride derivatization of estrone and 17β-estradiol gave high
intensity (500k count) peaks at 70oC incubation for 1 hour when compared to other conditions
(100k count at 50oC, overnight). No peaks were observed when samples were derivatized at room
temperature, overnight.
4.2.3 Derivatizing agent volume
SBSE of DI water samples spiked with 1ppm of standard estrone and estradiol was performed
to optimize the volume of acetic anhydride for effective derivatization. After SBSE, 5μl of acetic
anhydride was added to one twister and 10μl was added to another twister. Both the twisters were
incubated at 70 oC for 1 hour and then analyzed using GC-MS.
Figure 25: (a) GCMS Chromatogram of 1ppm standard estrogens derivatized using 5 μl of acetic
anhydride (b) GCMS Chromatogram of 1ppm standard estrogens derivatized using 10 μl of
acetic anhydride.
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The peak intensity of estrone and 17β-estradiol peaks were >500k for sample derivatized with
5μl acetic anhydride. While sample derivatized with 10μl acetic anhydride showed lower peak
intensity (350 k count) and higher noise levels compared to sample 1. This might be due to the
saturation of GC column with excess derivatization agent.
4.2.4 Sample volume
The influence of sample volume on the extraction of estrone and estradiol was studied by
using pre-spiked DI water samples of volume 100 ml and 200 ml. 100ml and 200 ml of DI water
taken in separate beakers were pre-spiked with 10ppb of standard solution. Double the volume of
10ppb standard was spiked to match the concentration to 200ml sample volume. A conditioned
stir bar was added to the beakers and placed on stirrer for 2 hours at 500 rpm. After extraction, the
stir bars were removed from the beakers, wiped dry and incubated at 70 oC after adding 5μl of
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acetic anhydride. A difference in the peak intensity was observed when both chromatograms were
compared as shown in figure 26.
Figure 26: Comparison of GCMS chromatograms of 10ppb pre-spiked DI water sample of
volume 100ml and 10ppb pre-spiked DI water sample of volume 200ml.

The chromatogram of 10ppb ,100ml sample volume had higher intensity estrone and estradiol
peaks compared to chromatogram of 10ppb, 200ml sample volume indicating that twisters are
efficient in extracting analytes from low sample volumes, which is another advantage of the green
SBSE technique.
4.2.5 SBSE of pre-spiked manure samples.
The developed method was used to extract estrone and β-estradiol from 100 g of pre-spiked
and unspiked fresh manure samples. The resulting chromatograms were compared, as shown in
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figure 27. Only estrone was observed in the unspiked sample, which was probably due to the
complete oxidization of 17β-estradiol to estrone during sample collection and extraction. In
comparison, both estrone and estradiol were observed in pre-spiked samples.
Figure 27: Comparison of unspiked, pre-spiked 100ppb, pre-spiked 500ppb SPE of manure
samples analyzed using GCMS.

The intensity of estrone peak in unspiked and pre-spiked fresh manure was 5 k while the intensity
of β- estradiol was 2500 count in 100ppb pre-spiked fresh manure. If 5 k count estrone in 100ppb
pre-spiked samples is equal to 100ppb of total estrone concentration recovered, then, the
concentration of estrone in unspiked manure is approximately 100ppb (100μg/L) which is similar
to the concentration (98±18 µg/L) of estrone estimated by Raman and his group in fresh dairy
waste solids using GC-MS.9

50

4.3 Sample preparation for GC optimization.
Derivatization technique introduces non-polar groups onto the functional groups containing
active hydrogens. The resulting derivatives are less polar and more stable than original compounds,
which facilitates better separation by gas chromatography.
Figure 28: GC-MS chromatograms of estrogens a) Underivatized 100 ppm of standard estrogens
b) 10 ppm of standard estrogens derivatized using BSTFA
(a)

(b)
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The comparison of GC-MS chromatograms of underivatized and derivatized estrogens in
figure 28 highlights the importance of derivatization before GC-MS analysis. The peaks of
underivatized estrone and β-estradiol observed at 270 and 272 m/z respectively coeluted as shown
in Chromatogram(a). The trimethyl silyl derivatives of estrone and β-estradiol have higher
molecular weight and mass-to-charge ratio of 342 and 416, respectively compared to parent
compounds which resulted in better resolution and identification of compounds.
4.3.1 Split and splitless mode
In a splitless injection mode, the split vent is closed before and during injection, which allows
maximum vaporization and transfer of analytes to the column, whereas, in split mode, only a small
portion of the injected sample goes to the column depending on the split ratio. Split injection is
used for samples with high analyte concentrations, which requires on-device dilution. For
increased sensitivity in trace analysis, splitless mode is preferred. 10ppm standard estrone and
17β-estradiol were analyzed in both split and splitless mode.
Figure 29: GC-MS chromatogram of estrone and estradiol with a) Split Ratio 5 and injection
volume 2µl b) Splitless mode and injection volume 1 µl.
(a)
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(b)

The resulting chromatograms were compared, as shown in figure 29. The peak intensity of
estrone and estradiol in splitless mode was much higher when compared to the intensity of peaks
in split mode. All the experiments mentioned below were analyzed in splitless mode.
4.3.2 Incubation time
The duration of incubation for complete derivatization of estrogens was studied by
incubating standard solution of estrogens with derivatizing reagent BSTFA for 30 mins and 40
mins at 60oC. 250 μl of BSTFA and 250 μl of pyridine were added to two test tubes with 1ppm of
dried standard samples and incubated at 60oC for 30minutes and 60 minutes, respectively. Figure
30 (a) displays overlaid chromatograms of estrogens incubated at 30 min. and 40 min. The results
indicate higher peak intensities of estrone and estradiol at 30 mins incubation time when compared
to the peaks at 40 mins incubation time. Thirty minutes was ideal for complete derivatization of
estrogens which is consistent with a study conducted by Ali Shareef . 21 The moisture-sensitive
derivatives formed in 40 mins sample probably absorbed moisture from the atmosphere due to
longer exposure time than 30 mins forming white crystals, which interfered with the analysis of
analytes resulting in lower intensity.
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Figure 30: Comparison of derivatization of 1ppm standard with 30mins and 40 mins incubation
time analyzed using GCMS.

4.3.4 Reagent volume
Different volumes of derivatizing reagent BSTFA were used to derivatize 1ppm standard
estrogens.

One ml of 1ppm standard estrogens were added to three test tubes with 250µl of

BSTFA +250 µL of pyridine to tube 1, 100 µl of BSTFA +100µl of pyridine to test tube 2 and
50µl of BSTFA+50µl of pyridine to test tube 3. The three test tubes were incubated at 60 oC for 30
mins. The test tubes are taken out of the incubator after 30 mins, cooled down to room temperature
and placed in the nitrogen evaporator at 35 oC to evaporate the solution. The dried samples were
reconstituted in 1 ml of hexane and analyzed using GC-MS.
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Figure 31: Comparison of 1pppm standard estrone and estradiol derivatized with 250 μl, 100 μl
and 50 μl of reagent volume and analyzed using GCMS.

o
The peaks of 1ppm estrogens derivatized with 250 µl of BSTFA and 250µl of pyridine
resulted in a higher intensity than those derivatized with 100 and 50 µl of same derivatizing agent.
Excess of reagent favors complete derivatization of estrogens with less incubation time at 60 oC.
The addition of excess reagent facilitates the efficiency of the reaction and prevents hydrolysis of
products because of exposure to moisture.21
4.3.5 Different solvents with same reagent.
Solvents pyridine and N, N- Dimethyl formamide (DMF) were commonly used with
BSTFA as catalysts that promote derivatization and take up the active hydrogens replaced by
trimethylsilyl groups of derivatizing agent BSFTA. 8,9,12,21,26 To obtain complete derivatization of
estrogens within less incubation time (30 minutes), derivatization with these solvents and BSFTA
was carried out using 250 µl of BSTFA with 250 µl of DMF that was added to test tube 1
containing dried sample of 10 ppm standard estrogens. Similarly, 250 µl of BSTFA and 250 µl of
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pyridine was added to test tube 2, containing a dried sample of 10ppm standard estrogens. Both
the test tubes were incubated at 60 oC for 30 mins. The solution was cooled down to room
temperature after incubation, evaporated and reconstituted in 1ml hexane. The resulting
chromatograms were compared based on intensity and resolution (Figure 32 a and b)
Figure 32: (a)GCMS Chromatogram of estrogens derivatized with BSFTA and DMF as aprotic
solvent. (b) GCMS chromatogram of estrogens derivatized with BSFTA and pyridine.
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Solvent pyridine with BSTFA gave the best results with well resolved and high intensity
peaks due to its catalytic capability and stability of derivatives in its presence. 27 Probably, the
mixture with DMF needed more incubation time or a higher amount of reagent for complete
derivatization.
4.3.6 Degradation of estrone and 17β-estradiol derivatives at room temperature in 24
hours.
Degradation of estrogen derivatives in 24 hours at room temperature was studied using 10ppm
standard estrone and estradiol. Derivatization procedure is described below.
Figure 33: GCMS Chromatogram of derivatized 10ppm standard estrogens compared to
chromatogram of 10ppm estrogens 24 hours after derivatization.
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Ten ppm of standard estrogens were derivatized using BSTFA and half of the solution (500
µl) was subjected to GC-MS analysis immediately after derivatization on day 1. The other half of
the solution was kept at room temperature (25oC) for 24 hours and analyzed using GC-MS. The
peak areas of the resulting chromatograms were compared, as shown in figure 33. 56.99 % of
estrone and 58.68 % of β-estradiol degraded at room temperature in 24 hours.
4.3.7 External Standard Curve
Calibration curves of estrone and estradiol were obtained with seven different concentrations of
standard estrone and estradiol derivatized with BSTFA, reconstituted in injection solvent hexane.
The Concentrations derivatized were 100 ppb, 200 ppb, 250 ppb, 500 ppb, 3000ppb, 5000 ppb and
10,000 ppb. Good linearity was obtained for calibration curves of estrone and estradiol with r 2
values of 0.9944 (y= +15.9159x+ 284.70) and 0.9953 (+21.9102x+979.84).
Figure 34: External calibration curve of (a) Estrone and (b) Estradiol.
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5.Conclusion and Future Studies
The methods using SPE-Varian LC-MS/MS and SBSE-Shimadzu GC-MS were developed for the
extraction and determination of estrone and β-estradiol from pre-and post- digested cattle waste
samples. Many method trials were conducted based on the few methods reported in the literature
on the estrogens from dairy cattle waste and none on the anaerobically digested cattle waste.
Various parameters were optimized during the method development, which is discussed in this
thesis. The developed methods can be applied to further validate parameters like Limit of Detection
(LOD), Limit of Quantitation (LOQ), recovery efficiency etc. This method can be used to study
the concentrations of primary and most potent estrogens estrone and 17 β-estradiol in fresh and
digested samples of treated and untreated cattle. The knowledge from this work can be used to
study the transformation of conjugated estrogens to free estrogens in the anaerobic digesters. The
importance of derivatization for lower detection limits and factors influencing derivatization
efficiency were highlighted in the thesis. This research work employed a SBSE green analytical
technique which is a solventless technique that is easy to perform and saves sample preparation
time compared to SPE.
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LIST OF ABBREVIATIONS
CAFOs- CONCENTRATED ANIMAL FEEDING OPERATIONS
EDC- ENDOCRINE DISRUPTING COMPOUNDS/ENDOCRINE DISRUTING CHEMICALS
LC-MS/MS -LIQUID CHROMATOGRAPHY TANDEM MASS SPECTROMETRY
ESI – ELECTROSPRAY IONIZATION
GC-MS – GAS CHROMATOGRAPHY MASS SPECTROMETRY
USDA – UNITED STATES DEPARTMENT OF AGRICULTURE
SPE – SOLID PHASE EXTRACTION
SPME – SOLID PHASE MICROEXTRACTION
SBSE – STIR BAR SORPTIVE EXTRACTION
TDU- THERMAL DESORPTION UNIT
BSTFA-N, O-BIS-(TRIMETHYLSILYL)-TRIFLUORO ACETAMIDE
TMCS- TRIMETHYL-CHLOROSILANE
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